A study of fully developed plane turbulent channel flow subject to spanwise system rotation through direct numerical simulations is presented. In order to study both the influence of the Reynolds number and spanwise rotation on channel flow, the Reynolds number Re = U b h/ν is varied from a low 3000 to a moderate 31 600 and the rotation number Ro = 2Ωh/U b is varied from 0 to 2.7, where U b is the mean bulk velocity, h the channel half gap and Ω the system rotation rate. The mean streamwise velocity profile displays also at higher Re the characteristic linear part with a slope near to 2Ω and a corresponding linear part in the profiles of the production and dissipation rate of turbulent kinetic energy appears. With increasing Ro a distinct unstable side with large spanwise and wall-normal Reynolds stresses and a stable side with much weaker turbulence develops in the channel. The flow starts to relaminarize on the stable side of the channel and persisting turbulent-laminar patterns appear at higher Re. If Ro is further increased the flow on the stable side becomes laminar-like while at yet higher Ro the whole flow relaminarizes, although the calm periods might be disrupted by repeating bursts of turbulence, as explained by Brethouwer (2016) . The influence of the Reynolds number is considerable, in particular on the stable side of the channel where velocity fluctuations are stronger and the flow relaminarizes less quickly at higher Re. Visualizations and statistics show that at Ro = 0.15 and 0.45 large-scale structures and large counter rotating streamwise roll cells develop on the unstable side. These become less noticeable and eventually vanish when Ro raises, especially at higher Re. At high Ro, the largest energetic structures are larger at lower Re.
), for example, laminar Poiseuille flow and waves perpendicular to the rotation axis are not influenced ). Yet, it is well-established that spanwise rotation strongly influences Reynolds stresses, anisotropy and structures, and the mean velocity profile in plane turbulent channel flow (Johnston et al. 1972) . Rotation effects are therefore obviously related to three-dimensional turbulent processes.
A useful parameter when discussing rotation effects on turbulent shear flows is the ratio of background and mean shear vorticity. For a unidirectional shear flow with mean velocity U (y) in the x-direction and shear vorticity −dU/dy rotating with angular velocity Ω about the z-axis, this ratio is given by
When S > 0 the mean shear and background vorticity have the same sense of rotation and rotation is cyclonic and when S < 0 they have the opposite sense and rotation is anti-cyclonic. Displaced particle analysis (Tritton 1992 These previous studies of spanwise rotating channel flow were mostly limited to low
Reynolds numbers, Re τ ≤ 194, meaning that the influence of the Reynolds number on the statistics, turbulent structures and relaminarization on the stable side can be significant.
Exceptions are the experiments of Johnston et al. (1972) and Reynolds stress budgets at these higher Re. With these simulations I will investigate whether the effects of rotation on the mean flow and turbulence discussed above are either generic or influenced by the Reynolds number. Another goal is to study the relaminarization of the flow on the stable channel side at high Ro and turbulence structures, and examine if roll cells exist in rotating channel flow at these higher Re. Some previous observations of the flow structures and relaminarization may have been affected by the limited computational domains that were often used in the numerical studies. In the present study, I therefore use larger computational domains and study the structures through visualizations, two-point correlations and spectra. Finally, the effect of Re on the flow statistics and structures is studied at a fixed Ro. The present study is also motivated by the need for higher Re data of rotating channel flow for turbulence modelling.
NUMERICAL METHOD AND PARAMETERS
The velocity u in the DNSs is governed by the incompressible Navier-Stokes equations ∂u ∂t
where e z is the unit vector in the z-direction and p the pressure including the centrifugal acceleration. The equations are nondimensionalized by the mean bulk velocity U b and channel half gap h; time t is thus given in terms of a convection time h/U b . Streamwise, wall-normal, spanwise coordinates are denoted by x, y, z, respectively, and boundary conditions are periodic in the streamwise and spanwise directions and no-slip at the walls. A sketch of the geometry is shown in Brethouwer (2016) . In the present DNSs y = −1 and 1 correspond to the wall on the unstable and stable channel side, respectively.
Equations (2) are solved with a pseudo-spectral code with Fourier expansions in the homogeneous x-and z-direction and Chebyshev polynomials in the y-direction (Chevalier et al. 2007 ) and the spatial resolution is similar as in previous channel flow DNSs (Lee & Moser 2015) . In all runs the flow rate and thus Re was kept constant by adapting the mean pressure gradient. Re is varied from 3000 up to 31 600 and Ro from 0 (nonrotating) to about Figure 4 shows the resulting typical oblique waves on the unstable side in a DNS at Re = 30 000 and Ro = 2.7, close to Ro c = 2.87 for this Re. The waves are quite weak, i.e., the wall-normal velocity is about 2 to 3% of U b in this case. From the mean momentum balance for rotating channel flow follows
where the velocities are dimensional. The sum of the viscous and turbulent shear stresses is thus linear in y but is shifted owing to the difference in the wall shear stresses on the unstable and stable channel sides in the rotating flow cases. These stresses are naturally higher on the unstable side owing to the more intense turbulence. When viscous stresses are From that follows that the viscous contribution grows with Ro and is about 12% and 26%
at Re = 31 600 and Ro = 1.2 and 1.5, respectively, and even higher at the same Ro but lower Re. Once Ro 2.0 viscous stresses dominate also on the unstable side.
To investigate in more detail the turbulence near the wall on the unstable channel side, I present in figure 7 rms-profiles of the streamwise, wall-normal and spanwise velocity fluctuations, u * , v * , w * respectively, in viscous wall units of the unstable side using a logscale for y * . Velocity fluctuations are thus scaled by u τ u and y * = (y + 1)u τ u /ν since u τ u appears to be the most relevant quantity very close to the wall. Note that u τ u can deviate quite significantly from u τ , see table I. The peak of u * on the unstable side declines and moves towards smaller y * with Ro whereas the peaks of v * and w * grow with Ro until Ro = 1.5 and then decline. This reduction and growth respectively are caused by an energy redistribution from streamwise to wall-normal fluctuations by the Coriolis term and pressure-strain correlations in the Reynolds stress equations, as will be shown later. The peak of w * moves towards the wall with Ro whereas that of v * is found far away from the wall at Ro = 0.45 and comes closer to the wall with increasing Ro. The profile of w * has two peaks for Ro ≥ 1.2 which is accompanied by a double peak in the spectra as shown later. 
INFLUENCE OF THE REYNOLDS NUMBER
In this section, the influence of the Reynolds number on rotating channel flow at a fixed
Ro is examined and shown to be significant. In a later section, this influence on the flow structures found on the unstable channel side is investigated. Re has thus a marked influence on the flow, especially on the stable channel side, with a growing turbulent fraction and stronger turbulence at fixed Ro when Re gets higher. In the present study, oblique turbulent-laminar patterns have only been observed at higher Re. A speculation is that they also exist at low Re although at a lower Ro when the stabilizing Coriolis force is less strong. But at a lower Re they can have a longer wave length, as 
Thus, the profile of P K scaled with u (6) . For Ro ≥ 0.9, P K and ε are in fact strikingly similar in the outer layer on the unstable channel side, much more so than at Ro = 0. The close balance between P K and ε implies that the sum of turbulent, pressure and viscous diffusion in the equation for turbulent kinetic energy is small compared to P K and ε. In terms of wall units, P K and ε are large on the unstable side away from the wall in the rotating cases compared to the Ro = 0 case whereas on the stable side both are very small if Ro ≥ 1.2.
The observed scaling of P K and ε with u 2 τ U b Ro/h suggests that this scaling is meaningful as well for the budget terms in the balance equation for the Reynolds stresses. This equation
where the terms on the right-hand-side are the production, dissipation, Coriolis, pressure- If dU/dy 2Ω, P uu −4uvΩ = −C uu , which means that the Coriolis term closely balances the production term and, consequently, the dissipation term approximately balances the pressure-strain term in the equation for the uu component since the transport terms are small. This is confirmed by the DNSs but not shown here. In fact, the sum P ij + C ij ≡ P tot ij may be considered as a total production term. When dU/dy 2Ω, P tot uu 0, P tot vv P uu and P tot ww 0 since P uu −C uu = C vv as explained above and P vv = P ww = C ww = 0. figure 12 .(f), is balanced by Π uv since the dissipation and diffusion terms are relatively small in a large part of the channel, in particular on the unstable side. On the unstable side, P tot uv scaled is negative, but it becomes less negative for Ro ≥ 0.9. On the stable side it is positive at Ro = 0.45 and negative at larger Ro meaning that it destroys uv correlations, leading to the low turbulent shear stresses on the stable side observed before.
Pressure-strain correlations Π uu , Π vv , Π ww and Π uv scaled by u 2 τ U b Ro/h are presented in figure 13 . When Ro = 0 energy is transferred from uu to vv and ww, whereas in the rotating cases energy is transferred from vv to uu and ww by pressure-strain correlations on the unstable side, except very close to the wall where Π uu is still negative. Especially at high Ro, Π ww is large which explains the strong spanwise fluctuations in rapidly rotating channel flows. On the stable side there is a significant energy transfer from uu to the other two components by pressure-strain correlations for Ro ≤ 0.9. At larger Ro, Π uu and Π vv are small but not negligible on the stable side while Π uv is positive ( figure 13.d) Roll cells produce significant wall-normal and spanwise motions in rotating channel flow, as shown by e.g. Dai et al. (2016) , and that can be expected to lead to energetic large-scale modes in the spectra of the spanwise and especially the wall-normal velocity away from the wall. I therefore interpret distinctly energetic large-scale modes in the spanwise k z Φ vv and k z Φ ww spectra as well as in the streamwise k x Φ vv spectra as signs of roll cells. If there are n pairs of counter-rotating roll cells in the computational domain, which has a spanwise size of L z = 3πh in these DNSs, the spanwise spectrum k z Φ vv can be expected to have a peak at λ z = 3πh/n.
In non-rotating channel flow the spanwise spectra reveal, besides the streaks at λ * z ≈ 100 indicated by the near-wall peak in k z Φ uu , the signature of large wide structures of wavelength λ z ≈ h in k z Φ uu and k z Φ uv further away from the wall, ( figure 14.a) , like in the DNS by Lee & Moser (2015) . In the streamwise spectra k x Φ uu and k x Φ uv energetic peaks are seen at λ * x ≈ 1000 near the wall related to the near-wall cycle (Monty et al. 2009 ). In the outer layer weakly energetic large-scale structures with wavelengths λ x ≈ πh to 4πh are observed in k x Φ uu and k x Φ uv ( figure 15.a) At higher rotation rates large-scale structures become progressively less energetic and smaller. At Ro = 0.9 no energetic large scale structures are seen in the spanwise spectra k z Φ uu and k z Φ uv while k z Φ vv has a peak at spanwise wavelength λ z ≈ πh/6 in the outer layer at y ≈ −0.8 ( figure 14.g and h) . The streamwise spectrum of the streamwise velocity k x Φ uu has still a near-wall peak and that of the wall-normal velocity k x Φ vv has an outer peak at streamwise wave length λ x ≈ 2πh/5, while the spectrum of the spanwise velocity k x Φ ww has two energetic peaks: an outer peak at streamwise wave length λ x ≈ πh/5 and a near-wall peak at λ x ≈ 4πh/5 ( figure 15.g and h) . Energetic large-scale roll cells are thus not present according to the spectra and correspondingly, no large structures like roll cells are observed in visualizations and there are less energetic large-scale motions that contribute to momentum transfer than in a non-rotating channel flow.
Similar observations (not shown for brevity) are made at yet higher Ro, i.e., no energetic wide or long structures are present according to the spectra and co-spectra in terms of outer units. The peak in the spanwise spectrum k z Φ vv shifts towards shorter wavelengths and the double peak in the streamwise spectrum k x Φ ww persists. The double peak is also observed in the rms profiles (figure 6.c). The spanwise spectra k z Φ uu and k z Φ uv have still a spectral peak at λ * z ≈ 100 but the peak moves closer to the wall in terms of viscous wall units. The streamwise spectra k x Φ uu and k x Φ uv have a spectral peak at λ x ≈ h when Ro ≥ 0.9, but in terms of the viscous wall units the structures become shorter. This means that the near-wall streaky structures move closer to the wall and become shorter, in agreement with the results of Lamballais et al. (1998), but they do not clearly confirm their finding that these structures become weaker at high Ro.
According to the spanwise spectrum k z Φ uu and cospectrum k z Φ uv at Ro = 0.9 ( figure   14 .g) the structures do not become much larger when the distance to the wall increases and at higher Ro the scales appear to grow even less with y. The absence of structures whose size grows with the distance to the walls when Ro 0.9 implies that attached eddies are much less prominent in very rapidly rotating wall-bounded flows. This suggests that the interaction between the inner and outer layer is weak at high Ro. Pressure and turbulent diffusion of turbulent kinetic energy are accordingly very small on the unstable side in that case.
Spectra at Re = 20 000 and Ro = 0.15 at the stable side of the channel (not shown here) show that the roll cells observed on the unstable side do not deeply penetrate the stable channel side although the study by Dai et al. (2016) shows that they occasionally can become larger and may even affect the flow up to wall at the stable channel side. The spectra also show energetic near-wall modes at λ * z ≈ 100 and λ * x ≈ 800, as on the unstable side, implying that the near-wall cycle is maintained. On the other hand, although the flow is fully turbulent on the stable side at this low Ro, the spectra on the stable channel side reveal no or much less energetic large-scale modes than at Ro = 0, showing that cyclonic rotation weakens large-scale structures in wall-bounded flows. This agrees with the observation that in plane Couette flow even very weak cyclonic spanwise rotation eliminates large-scale structures (Komminaho et al. 1996) .
Reynolds number dependence
In several other DNS studies of spanwise rotating channel flow large streamwise roll cells At Ro = 0.15 and Re = 5000, the spanwise spectrum k z Φ ww has a peak at λ z = πh 
